This paper reports a study of a high band gap conjugated polymer poly͑9,9-dihexylfluorene-alt-bithiophene͒ ͑F6T2͒ in an organic photovoltaic device. F6T2 blended with ͓6,6͔-phenyl C 61 butyric acid methyl ester ͑1:4 weight ratio͒ produced films exhibiting phase segregated domains ϳ5 nm in size, and possessing a hole mobility of 3 ϫ 10 −8 m 2 / V s. Open circuit voltages of photovoltaic devices were greater than 1 V, and power conversion efficiencies of 2.7% based on AM 1.5 G illumination were measured. External quantum efficiencies of up to 48 %, and internal quantum efficiencies of up to 87 % were calculated.
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The use of conjugated polymers as active materials in photovoltaics ͑PVs͒ is an area of increasing interest.
1 This interest is motivated, in part, by their solution processability and low fabrication costs. State-of-the-art devices consisting of poly͑3-hexylthiophene͒ ͑P3HT͒ and ͓6,6͔-phenyl C 61 butyric acid methyl ester ͑PCBM͒ yield power conversion efficiencies ͑PCE͒ in the range of 4%-5%.
2,3 The efficiency of organic PV devices is often limited by poor overlap of the absorption spectrum and solar spectrum, and, because the charge transport properties of conjugated polymers are generally low, the active layers must be thin. In an attempt to overcome these limitations, tandem 4 or stacked 5 PV devices are being investigated, wherein materials of different absorption profiles are combined in an attempt to capture light over a wider range of the solar spectrum.
The study of broad low band gap polymers is one research direction recently investigated in order to capture light at longer wavelengths. [6] [7] [8] The synthesis and properties of low band gap polymers have been reviewed by Bundgaard et al. 6 Peet et al. reported PCEs of up to 5.5% from devices prepared from blends of ͓͑2,6-͑4,4-bis͑2-ethylhexyl͒-4H-cyclopenta͓2,1-b;3,4-bЈ͔-dithiophene͒ -alt-4,7-͑2,1,3-benzothiadiazole͔͒ and C 71 -PCBM. 8 Other examples include that reported by Demadrille et al., 7 on an alternating fluorenone copolymer, poly͓͑5,5Ј-͑bis-͑E͒-1,2-bis͑3-octylthien-2-yl͒ethylene͔-alt-͓2,7-fluoren-9-one͔, blended with PCBM to produce devices yielding a PCE and external quantum efficiencies ͑EQE͒ of 1.1% and 20%, respectively. Slooff et al. 9 reported a PCE of 4.2% for poly͓9,9-didecanefluorenealt-͑bis-thienylene͒benzothiadiazole͔ blended with PCBM.
Despite recent progress in low band gap polymers, there is still a need to capture higher energy light more efficiently, i.e., wavelengths between 300 and 500 nm, for their application in stack, tandem, or folded reflective tandem cells. Recently, Tvingstedt et al. 10 reported the use of folded tandem solar cells, where single cells reflect the nonabsorbed light onto the adjacent cell. The cells are configured in a V-shaped geometry and allow for the use of multiple band gap materials. Since materials with different band gaps can be employed, thinner absorbing layers can be used and charge mobility will increase. Photoconversion efficiencies were found to increase by a factor of 1.8. To date, only a few polymers have shown promise of high PCE/EQE in the 300-500 nm absorption region. Hou et al. 11 reported a series of twodimensional polythiophenes with bi͑thienylenevinylene͒ side chains that exhibit a broad absorption extending from 350 to 700 nm. Within this series, the polymer with the strongest absorption between 350-500 nm yielded a PCE and an EQE of 1.71% and 80%, respectively. Brabec et al. 12 reported a PCE of 3.3% for films of poly͓2-methoxy-5-͑3Ј, 7Ј-dimethyl-octyloxy͔͒-p-phenylene vinylene blended with PCBM, but absorption between 300 and 450 nm was minimal.
This paper focuses on the PV properties of high band gap polymers, absorbing in the range of 300-500 nm, and reports properties of poly͑9,9-dihexylfluorene-altbithiophene͒ ͑F6T2͒ blended with PCBM. Its dioctyl analog poly͑9,9,-dioctylfluorene-alt-bithiophene͒ ͑F8T2͒ has been extensively studied in field effect transistor ͑FET͒ applications because of its relatively high charge mobility, and it has shown initial promise in hybrid PV devices. 13, 14 For example, Nelson and Durrant studied F8T2, using TiO 2 as the electron acceptor, obtaining a PCE and an EQE of 0.2% and 13%, respectively. PV performance was reported to be limited by the rate of photogeneration of charges and the quality of the donor/acceptor interface, rather than by hole transport dynamics. 15, 16 F6T2 was synthesized using Suzuki polycondensation. 17 The weight average molecular weight and polydispersity index was estimated to be 14 800 Daltons and 1.7, respectively. The polymer is soluble in solvents such as chloroform, dichloromethane, tetrahydrofuran ͑THF͒, and chlorobenzene.
Absorption and photoluminescence spectra of the polymers are shown in Fig. 1 . max of absorption for F6T2 is 456 nm, which is redshifted relative to poly͑fluorene͒ ͑390 nm͒ due to incorporation of the bithiophene moiety. The wavelength of maximum fluorescence for thin films is 508 nm and the solid state quantum yield is 0.07, which is similar to reported values for F8T2.
Electronic energy levels of F6T2 were estimated using the onset of the oxidation peak and reduction peaks of cyclic voltammograms, 17 the highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital levels of F6T2 are estimated to be 5.41 and 2.52 eV, respectively, from which the electrochemical band gap was calculated to be 2.89 eV, which is higher than the optical band gap 2.41 eV.
PV devices were fabricated using the following device configuration: ITO͉ PEDOT: PSS͉ F6T2 : PCBM͑1:4͉͒Ca͉ Al. I-V curves are plotted in Fig. 2 . F6T2 displays a particularly high open circuit potential ͑V OC ͒ of 1.03 V and a relatively high PCE of 2.7%. The short circuit current density was found to be 4.96 mA/ cm 2 , and the fill factor 0.53. The high V OC is attributed to the higher oxidation potential of F6T2 relative to the other conjugated polymers such as P3HT ͓HOMO= 5.1 eV ͑Ref. 19͔͒, as well as the welldefined phase segregation observed in F6T2:PCBM films. As a point of reference similar devices based on P3HT ͓ϳ92% regio-regular ͑RR͔͒:PCBM blends were fabricated following the "solvent annealing" procedure described by Li et al., 20 and gave the following PV properties: PCE of 3.0%, J SC of 8.1 mA/ cm 2 , fill factor of 0.61, and a V OC of 0.61 V. 17 The EQE of a typical PV device, as shown in Fig. 2 , reached values of 48%. The maximum EQE observed at ϳ470 nm is attributed to absorption by the F6T2. The peak observed at ϳ350 nm is attributed to absorption by PCBM. An approximation of the internal quantum efficiency ͑IQE͒, i.e., the conversion efficiency of photons absorbed by the polymer film to current produced, was obtained by dividing the EQE by the light absorbed in the device. The absorption of F6T2 at 455 nm is 0.45, from which it is calculated that 65% of the incident irradiation is absorbed. When the reflection of light by indium tin oxide was taken into account ͑ϳ20% at 455 nm͒, the IQE is estimated to be 87%, which is an exceptionally high number given the amorphous nature of polyfluorene-based polymers.
To further investigate the reason for the high PCE, and high IQE, hole-only devices were fabricated using the following device configuration: ITO͉ PEDOT: PSS͉ F6T2 : PCBM͉ Pd. These were compared to hole mobilities of P3HT using the following devices: ITO͉ PEDOT: PSS͉ P3HT͉ Al and the results are plotted in Fig. 3 . 21 Hole mobilities were calculated using the MottGurney law,
where J is the current density, q is the charge, 0 is the permittivity of vacuum, is the permittivity of the polymer that is assumed to have a value of 3, h is the hole mobility, V is the voltage, and d is the thickness of the active layer of the device. Mobilities were extracted from the experimental data in the region of trap-free space charge limited current, i.e., where the slope of the log-log plot is 2. Films of F6T2:PCBM blends were found to possess a hole mobility of 3 ϫ 10 −8 m 2 / V s. As a point of reference, the hole mobility of pristine P3HT was found to be 3 ϫ 10 −8 m 2 / V s, which is consistent with previously reported values. 23 Mihailetchi et al. reported hole mobilities of blends of P3HT:PCBM after thermal annealing to be 1.6-3 ϫ 10 −8 m 2 / V s, demonstrating that in optimized devices, blending with PCBM results in no measurable change in hole mobilities. 23 The study of F6T2 for PV applications was motivated in part by the high mobility of its dioctyl analog F8T2. F8T2 has been extensively studied in FET applications due to its relatively high charge mobility. The SCLC mobility of F8T2 is 10 −7 m 2 / V s. 24 The hole mobility of pristine F6T2 is expected to be at least as high as that of F8T2, and possibly even higher. Recently, Yap et al. 25 reported the effect of alkyl side chain length ͑octyl versus 2-methylbutyl͒ of fluorene copolymers on hole mobilities, demonstrating that shorter alkyl chains result in higher mobilities, which the authors 
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Schulz, Chen, and Holdcroft Appl. Phys. Lett. 94, 023302 ͑2009͒ attribute to increased interchain interactions. An analogous effect may be found with F6T2 versus F8T2 and is currently under investigation. From the hole mobility measurements, it is concluded that the high PCE of the F6T2:PCBM system is a result of the relatively high hole mobility of the blend. Further investigation into the hole mobility of pristine F6T2 and blends consisting of different ratios F6T2:PCBM would be necessary to determine if hole mobilities of the PV devices can be further increased from 3 ϫ 10 −8 m 2 / V s. A transmission electron microscopy ͑TEM͒ image is shown for blends of F6T2:PCBM ͑1:4 weight ratio͒. Despite the absence of annealing, a nanophase separated network was formed. Domains are approximately 5 nm in size, which result in a large interfacial area for efficient charge separation. These domain sizes are smaller than those reported for P3HT:PCBM blend systems after annealing ͑10 nm͒.
3 For blends of the longer alkyl chain analog, F8T2:PCBM ͑1:4͒, spin coated from chloroform, Bjorstrom et al. 26 used atomic force microscopy to observe a continuous network of channels 100-150 nm wide and possessing domains 3-4 nm high, i.e., very different from the morphology observed in Fig. 4 . The length of the side chains is therefore deemed crucial to the extent and nature of phase segregation in blends.
Even though films of F6T2:PCBM blends only absorb light between 300-500 nm-a region that accounts for ϳ25% of the solar spectrum-a PCE of 2.7% is observed. The maximum EQE is 48% and the conversion of photons absorbed by the polymer to current is in excess of 87%. These high values warrant further investigation of F6T2 as a high energy absorbing polymer for use in bulk heterojunction or tandem PV devices. The favorable properties are believed to be the result of both high hole mobility and efficient photocurrent generation, both of which are facilitated by the nanophase segregated morphology, which produces a highly percolated network, and presumably possessing a large interfacial area.
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